ABSTRACT: Past research has demonstrated the dramatic effects that variations in suspended clay can have on the properties of flow by producing a range of transitional flows between turbulent and laminar states, depending on clay concentration and fluid shear. Past studies have been restricted to kaolinite flows, a clay mineral that has relatively weak cohesive properties. This paper extends these studies to suspension flows of bentonite, a clay mineral that attains higher viscosities at far lower volumetric concentrations within a flow. The results show that the types of transitional flow behaviour recognized in past studies can also be found in bentonite suspension flows, but at lower suspended sediment concentrations, thus demonstrating an even more dramatic effect on flow properties, and potentially on sediment transport and resulting bed morphology, than kaolinite flows. The paper proposes new stability diagrams for the phase space of bentonite flows and compares these to past work on kaolinite suspension flows. These new data suggest that the transitional-flow Reynolds number can be used to delineate the types of transitional flow across different clay types and assess modern and ancient clay-suspension flows.
Introduction
Clay-mineral laden currents with a transient turbulent behaviour (or transitional clay flows; Wang and Plate, 1996; Baas and Best, 2002) , have unique dynamic properties that set them apart from turbulent flows and laminar, turbulence-free flows at low and high suspended sediment concentrations, respectively (Baas and Best, 2002; . demonstrated that a range of transitional flows can be recognized that exhibit both turbulence enhancement, such as in turbulenceenhanced transitional flows and in the basal region of lower transitional plug flows, and turbulence attenuation, which characterizes the plug flow region of lower transitional plug flows and appears throughout upper transitional plug flows. The sedimentary signature of such transient turbulent behaviour has been recognized in a wide range of environmental flows, including rivers, density currents in lakes, lahars, high-density estuarine currents, and sediment gravity flows in the deep oceans (e.g. Amos et al., 2003; Sylvester and Lowe, 2004; Kleinhans and Grasmeijer, 2006; Alexander et al., 2010; Hansen et al., 2011; Chang and Chun, 2012; Carling, 2013; Plint, 2014; La Croix and Dashtgard, 2014; Chang et al., 2015; Harazim and McIlroy, 2015; Jablonski and Dalrymple, 2016 ). The original model for turbulence modulation in clay-laden flows, proposed by Baas and Best (2002) and , and summarized in a clay flow phase diagram, was based on suspensions laden with kaolin clay. This model shows that even small amounts of kaolinite (well below 1% by volume) are sufficient to cause turbulence modulation through flocculation and gelling of clay particles, especially at low flow velocities. This rheological behaviour is remarkable, considering that kaolinite is a clay mineral with weak cohesive properties (Wan, 1982) . Herein, we show that clay minerals with stronger cohesive properties can change the flow properties at even lower suspended clay concentrations than kaolinite. The present paper presents results from a new series of laboratory experiments investigating turbulence modulation in steady, uniform flows laden with highly cohesive bentonite clay. The objectives of this research were: (1) to investigate transitional flow behaviour in steady, uniform currents laden with bentonite clay, based on detailed records of velocity, turbulence intensity, and suspended sediment concentration; (2) to contrast the transitional behaviour of kaolinite and bentonite flows; and (3) to test the robustness of the clay-flow phase diagram of for bentonite clay. the downstream component of velocity, and turbulence intensities that are highest in the zone of near-bed shear and gradually decrease upward. As fine cohesive kaolinite is added to a turbulent flow (TF), the fluid begins to display a range of transitional behaviours, because turbulence becomes modulated by the presence of the cohesive particles (Baas and Best, 2002; . This turbulence modulation has four stages (Figures 1, 2): (i) drag reduction or turbulence-enhanced transitional flow (TETF); (ii) lower transitional plug flow (LTPF); (iii) upper transitional plug flow (UTPF); (iv) quasi-laminar plug flow (QLPF) . TETF is characterized by turbulence intensities, expressed by the root-mean square values of the downstream component of velocity, RMS(uʹ) , that are higher than in clear-water TF (Figures 2a-2e ). The source of this turbulence enhancement has been related to drag reduction in the boundary layer, which causes a thickening of the viscous sublayer and maximum shear at the top of this sublayer (e.g. Gust, 1976; Caldwell and Chriss, 1979; Best and Leeder, 1993; Baas et al., 2016) . Time-series of the streamwise velocity at the height of maximum shear show distinct, second-scale, 'saw-tooth'-shaped patterns that represent Kelvin-Helmholtz instabilities that are particularly well expressed at higher clay concentrations in LTPF, because higher-frequency velocity fluctuations are suppressed in this type of flow (Figure 2f ). LTPF is different from TETF in that shear in the outer flow is insufficient to break up the clay flocs, resulting in the development of a plug flow in which downstream velocity is invariant with depth (Figures 2a-2c ). Below this plug, the velocity time-series show short negative spikes in streamwise velocity that have been interpreted as packets of low velocity fluid shed off the top of the Kelvin-Helmholtz instabilities (Figure 2g ; Baas and Best, 2002; . The combination of turbulence enhancement in the lower part of LTPF and turbulence attenuation in the upper part of LTPF results in steep vertical gradients of downstream velocity and RMS(uʹ) (Figures 2a-2c) . If the near-bed suspended clay concentration is high enough to prevent turbulence from breaking the bonds between clay particles, turbulence becomes attenuated through the entire flow. Such UTPFs are characterized by low near-bed RMS(uʹ) and a plug flow zone that thickens down from the water surface (Figures 2a-2c, h) . A pervasive network of clay particle bonds, i.e. a gel, typifies QLPF. Kaolinite-laden QLPFs have a thin basal shear layer with minimal turbulence production, but the bulk of these flows consists of a plug flow in which velocity fluctuations and vertical exchange of fluid and sediment are negligible (Figures 2a-2c, i) . proposed a phase diagram for clay flows laden with kaolinite that delineates the boundaries between TF, TETF, LTPF, UTPF, and QLPF for different combinations of depth-averaged flow velocity and suspended sediment concentration, and, in non-dimensional form, for Froude number, Fr, and transitional-flow Reynolds number, Re TrF (Figure 3 ):
where U is depth-averaged flow velocity, h is flow depth, g is acceleration due to gravity, ρ is flow density, η is the dynamic viscosity of the flow, and z p is the thickness of the flow region below the base of the plug flow. In Equation 2, z p is used instead of flow depth, because the largest length scales of turbulence within the transitional and laminar clay flows are limited by the distance between the lower flow boundary and the base of the plug-flow region. This non-dimensional phase diagram was used by to distinguish between the main clay flow types, based on narrow ranges of transitional-flow Reynolds numbers: (1) Re TrF = 55,000 ± 20,000 separates TF from TETF; (2) Re TrF = 28,100 ± 6100 separates TETF from LTPF; (3) Re TrF = 12,000 ± 3400 separates LTPF from UTPF; and (4) Re TrF = 7000 ± 2400 separates UTPF from QLPF. The phase diagram of also shows a flow type at transitional-flow Reynolds numbers smaller than 10,000 and Froude numbers below 0.3, where the clay flows are unstable and deposition occurred within the duration of the experiments (labelled 'Deposition' in Figure 3 ). The present paper investigates if this diagram can be used to interpret the behaviour of transitional flows that carry a clay mineral with stronger cohesive properties, and how such flows may influence the stability space of these clay flow types.
Experimental Setup and Methodology
Forty-nine laboratory experiments were conducted using an 8.75 m long and 0.3 m wide slurry flume in the Sorby Environmental Fluid Dynamics Laboratory, University of Leeds, UK ( Figure 4 ; Table I ). The principal aim of these experiments was to extend the parameter space of the laboratory experiments conducted by 
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concentrations ranging from 0.04% to 8.63%, were circulated through the flume by means of a slurry pump, whose open structure minimizes flow disturbance. The bentonite clay used in the experiments had an undispersed and dispersed median particle diameter, D 50 , of 0.017 mm and 0.013 mm, respectively ( Figure 5 ). This is comparable to the median diameter of 0.009 mm for the kaolinite used by , suggesting that the effect of differences in grain size on flow behaviour was small. The flows moved over a smooth, featureless bed along the entire length of the flume at depth-averaged flow velocities, U, ranging from 0.280 m s À1 to 1.418 m s À1 . These average values were calculated by fitting downstream velocities recorded by means of ultrasonic Doppler velocity profilers (UDVP; see Takeda, 1991; Best et al., 2001 , for details) to the logarithmic law for wall-bounded shear flows (e.g. Van Rijn, 1990) , or the Coles' wake function (Coles, 1956 ) for flows with a well-developed plug flow region. UDVPs quantify flow velocity by determining the Doppler shift in ultrasound frequency as small particles pass through a measurement volume, and thus rely on the reasonable assumption that the clay particles move at the same velocity as the fluid. Each UDVP acquired simultaneous velocity data along a profile of up to 128 points along the axis of the ultrasound beam, which in the present experiments extended up to 0.105 m from the probe head. No velocities were recorded in the proximal 0.012 m, where the stagnation of flow by the UDVP was found to be unacceptably large. Velocity data were obtained at nine or ten different heights, z, above the bed (between z = 0.005 m and z = 0.125 m). The UDVPs collected velocity data for durations of 75 to 120 seconds at a temporal resolution of 83 to 133 Hz (Table I ). The standard deviation of the temporal mean downstream flow velocity, RMS(u'), where RMS denotes root-mean-square and u' is the fluctuation in downstream velocity equal to u -U t , was calculated from the time series of instantaneous velocity data at each measurement height:
where n is the number of velocity measurements, and u is the excursion of velocity from the time-averaged velocity U t . A dimensionless measure for turbulence intensity was defined as: Following Wan (1982) , the dynamic viscosity, η, and the yield strength, τ y , of the bentonite suspensions were approximated from the measured suspended-sediment concentrations as follows: (6) where C is the depth-averaged volumetric suspended clay concentration at the start of the experiments.
Results
The laboratory experiments with the bentonite flows covered a wide range of flow velocities and volumetric suspended clay concentrations: 0.280-1.418 m s À1 and 0.04-8.63%, respectively. The Froude numbers of these flows ranged from 0.22 (subcritical) to 1.25 (supercritical) ( Table I) The numbering of runs is based on five narrow velocity ranges, sorted from low to high velocity (numbers before hyphen), and up to 18 ranges in clay concentration, sorted from low to high concentration (numbers after hyphen). This numbering system facilitates comparison of flows with similar depth-averaged flow velocity and flows with similar suspended clay concentration. (Figures 6b and 6c) , and transitional-flow Reynolds numbers ranged from 47,000 to 177,000. 2 Turbulence-enhanced transitional flow (TETF), which was similar to TF with respect to the logarithmic shape of the vertical profiles of downstream velocity, RMS(uʹ) and RMS(uʹ) 0 (Figure 6 ), and the wide frequency range of fluctuations in ata-point velocity (Figure 7b ). In most runs, however, the timeaveraged downstream velocities were lower in magnitude, and the corresponding turbulence intensities were higher, than in TFs of similar suspended sediment concentration ( Figure 6 ). However, the boundary between TF and TETF was poorly defined in the flows with a depth-averaged velocity of approximately 0.92 m s
À1
. The notation 'TF/TETF' is used in Table I to reflect this uncertainty. Transitional-flow Reynolds numbers in TETF ranged from 26,000 to c. 100,000. 3 Lower-transitional plug flow (LTPF) that was characterized by high RMS(uʹ)-values close to the bed (Figure 6b ) and the presence of a low-turbulence plug region (Figures 6b and 6c) , which thickened downward from the water surface as suspended clay concentration was increased. The velocitytime series showed 'saw-tooth'-shaped streamwise velocity fluctuations close to the bed ( Figure 7c ) and negative spikes of velocity superimposed on a baseline of more constant velocity below the plug flow region (Figure 7d ). Transitionalflow Reynolds numbers in LTPF ranged from 9000 to 29,000. 4 Upper-transitional plug flows (UTPFs), with generally lower RMS(uʹ)-values than LTPFs (Figure 6b ), but that also exhibited very low near-bed flow velocities (Figure 6a ), which caused RMS(uʹ) 0 -values to be similar to, or higher than, in TF and TETF (Figure 6c ). Thick plug flow regions characterized the UTPFs, and transitional-flow Reynolds numbers were between 8000 and 12,000 (Table I ). In the near-bed velocity time-series, UTPF was characterized by low-amplitude velocity fluctuations with occasional second-scale fluctuations that may possess a 'saw-tooth' shape ( Figure 7e ). 5 Quasi-laminar plug flow (QLPF) that is dominated by a thick plug flow region in which downstream velocity is invariant with depth (Figures 6b and 6c) . The plug flow moved on top of a layer with a steep vertical gradient in velocity (Figure 6a ). In general, RMS(uʹ) was low in the plug flow region (Figure 7g ), and increased near the bed ( Figure 7f ). As in UTPF, near-bed RMS(uʹ) 0 -values were relatively high in QLPF, because of the presence of very low flow velocities close to the bed (e.g. only 10% of the maximum flow velocity for Run 2-15 in Figure 6a ). Transitional-flow Reynolds numbers in QLPF ranged from 3500 to 4500.
Figure 8 depicts changes in near-bed RMS(uʹ) as a function of suspended bentonite concentration for two narrow ranges of depth-averaged flow velocity. Near-bed RMS(uʹ) gradually increased as the clay concentration was increased in TF, TETF and LTPF. After reaching a maximum RMS(uʹ)-value, which appeared to increase with increasing depth-averaged flow velocity, RMS(uʹ) decreased relatively rapidly, as clay concentration increased through UTPF and QLPF.
Interpretations and Discussion
These laboratory experiments reveal predictable changes in the dynamic properties of the bentonite-laden flows that compare The competing processes of turbulence production and electrostatic binding of clay particles, which have been used to explain the dynamic properties of kaolinite-laden flows , should therefore also apply to the bentonite-laden flows. Shear-generated turbulence is strong enough to break the cohesive bonds between the bentonite particles in flows that transport this clay at relatively low concentrations, in flows that move at relatively high velocity, and near to the bed where turbulence is generated. Conversely, high suspended bentonite concentrations promote the attenuation of turbulence, and thus allow the bentonite particles to form pervasive gels that move as plug flows. These plug flows expand in a downward direction, as suspended clay concentration is increased and flow velocity is decreased, because it becomes more and more difficult to transfer turbulent kinetic energy into the outer flow regions. Similar to kaolinite flows (Baas and Best, 2002) , the presence of near-bed sawtooth shaped velocity fluctuations and negative spikes in streamwise velocity at the base of plug layers in the bentonite flows point to the presence of drag reduction (Best and Leeder, 1993; Baas et al., 2016) and an internal shear layer, in which Kelvin-Helmholtz instabilities provide the additional source of turbulence. Figure 9 summarizes how turbulence production and clay particle bonds combine to affect the properties of the clay flows by plotting depth-averaged flow velocity against volumetric bentonite concentration and using the recorded hydrodynamic properties to delineate the phase space for turbulent flow, turbulence-enhanced transitional flow, lower and upper transitional plug flow and quasi-laminar plug flow. As expected, the phase boundaries for these flow types climb to higher flow velocities as suspended bentonite concentration is increased, because more kinetic energy is required to break the bonds between the clay particles. In general, this trend corresponds well with the dynamic behaviour of kaolinite flows . However, the new experimental data show that the phase boundaries for the bentonite flows reside at significantly lower concentrations than for kaolinite flows (Figure 9 ), particularly at high flow velocities. Only at low flow velocities do the TF-TETF and TETF-LTPF phase boundaries for bentonite and kaolinite flows occur at similar suspended clay concentrations (Figure 9 ). It can thus be concluded from these data that cohesive forces play a subordinate role at low velocities in TF and TETF where the clay particles are able to form bonds, but that elsewhere in the clay-flow phase diagram it is more difficult to break the bonds between bentonite particles than between kaolinite particles, reflecting the difference in rheological properties of bentonite and kaolinite. Bentonite is a strongly cohesive clay mineral that has a significantly higher molecular viscosity and yield stress than kaolinite, and these differences increase exponentially with increasing suspended clay concentration (Wan, 1982) . showed that the phase boundaries between different turbulent, transitional and laminar kaolinite-laden flows can be described by a narrow range of transitional-flow Reynolds numbers (Figure 3) . Figure 10 shows that this observation is also valid for bentonite flows. The boundary between TF and TETF lies at Re TrF = 83,400 ± 27,300, Re TrF = 31,000 ± 10,000 separates TETF from LTPF, LTPF changes into UTPF at Re TrF = 15,400 ± 6300, and QLPF is stable below Re TrF = 6800 ± 1100. These Reynolds number thresholds compare well with the thresholds for kaolinite flows (Figure 11) . It therefore appears that the transitional-flow Reynolds number is a suitable parameter for delineating turbulent, transitional Table I and from the experimental data of , it is possible to deduce that the Re TrF -similarity is caused by an approximately constant ratio between flow viscosity and depth-averaged flow velocity. For a given Re TrF -value, the higher viscosity in a transitional flow laden with bentonite, when compared to a transitional flow laden with kaolinite, is offset by a higher velocity required to achieve flow behaviour that is similar between the bentonite and kaolinite flows. Since kaolinite and bentonite are common clay minerals that are end members in terms of viscosity and yield stress, it is inferred herein that clay minerals that are more cohesive than kaolinite and less cohesive than bentonite -and other clay minerals within the smectite group -can be described by similar threshold transitional-flow Reynolds numbers. Illite and vermiculite are common clay minerals of intermediate cohesive strength that should fulfil this reasoning. In Figure 11 , four characteristic threshold Re TrF -values are proposed, based on integrated data for kaolinite and bentonite, as a guide for discriminating different types of transitional flow in future research and practical applications.
Further Implications
The results of the present study reinforce and extend earlier conclusions Best, 2002, 2009; Baas et al., , 2016 that cohesive clay particles can have a substantial effect on the dynamics of Earth-surface flows, even at suspended sediment concentrations that are often considered too low to be able to change flow properties. Bentonite flows should only be turbulent at suspended sediment concentrations below c. 2%, which is equivalent to flow densities of only 1032 kg m À3 , 
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i.e. just above the density of seawater. Such densities are common in, for example, flooding rivers, deep-marine turbidity currents, subaerial and subaqueous mudflows, lahars in volcanic environments, and storm-swept estuaries (e.g. Mulder et al., 2003; Alexander et al., 2010; Carling, 2013; Plint, 2014; Talling, 2014) . Given the low gradient of the lower and upper phase boundaries of TETF (Figure 9 ), the threshold concentrations for bentonite-laden TETF and LTPF should thus not be much greater for flows that move faster than the experimental flows herein. Indeed, extrapolating the phase boundary between TF and TETF in Figure 9 by means of linear regression increases the threshold volumetric clay concentration by only 0.8% to 2.8% for flows that move at 5 m s À1 . Hence, many natural flows can be expected to experience turbulence enhancement as part of TETF or LTPF. This additional turbulence might lead to an intensification of bed erosion and a capability of these flows to transport larger volumes of sediment, as well as coarser sediment, than classic clearwater turbulent flows. Existing parameterizations for the rate of bed erosion, suspended sediment concentrations in Rouse-type profiles, suspended load transport rate, and bedload transport rate may thus all need revision. Baas et al. (2016) provided examples of the substantial influence of cohesive kaolinite on sedimentary bedforms and their primary current stratification, which were in part explained by turbulence modulation. Due to its more cohesive properties, these effects can be expected to be even more dramatic for highly cohesive bentonite, and to commence at much lower clay concentrations in the bed and in the flow. Furthermore, past work on kaolinite flows Best, 2008, 2009 ) has shown how grain and form roughness may also modify the stability fields of the various types of transitional flow through the production of additional form-related turbulence that influences fluid shear, flow mixing and the ability of clays to form bonds and gels. The stability fields of bentonite flows can be expected to be influenced in a similar manner, but again at lower volumetric clay concentrations than for kaolinite flows.
It is also interesting to consider the spatial heterogeneity of clay types in modern environments (e.g. Edzwald and O'Melia, 1975; Weaver, 1990) that is determined by sedimentation and flocculation dynamics, which in turn are controlled by provenance, weathering, and sediment dispersal patterns. Transitional flows may thus affect spatial distributions of sediment that reflect these environmental controls on clay type and abundance. For example, Lasareva and Romankevich (2009) showed that, in the presence of dissolved organic substances, kaolinite and bentonite adopt different coagulation properties that result in kaolinite being able to cross the river-seawater transition, but in bentonite being unlikely to cross this transition as a result of rapid settling from suspension.
The results presented herein imply that suspended bentonite may have appreciable effects on the properties of sediment-laden flows. Importantly, these effects are felt at lower volumetric clay concentrations than for kaolinite. However, these results still represent an incomplete picture of the complex reality to be found in natural environments. It is well known that salinity may influence the flocculation and gelling behaviour of clays, which may encourage the formation of larger flocs and gels in a shorter period of time compared to freshwater flow. For example, recent work by Gorakhki and Bareither (2015) highlighted the significant influence of salinity on clay suspension behaviour, but also the fact that different clays may behave in different ways to salt concentration and that these effects may be non-linear with changing salinity. It follows that the phase space for transitional flows in natural environments may also be modified by salinity. Moreover, Malarkey et al. (2015) and Parsons et al. (2016) recently demonstrated the dramatic effects of organic material in the form of extracellular polymeric substances on the development of bedforms, and how these effects may be even more significant than the effect of physical cohesion provided to a sediment bed by clays. Although salinity and biopolymers considerably complicate the phase space of transitional flows, both also further increase the probable occurrence of these flows and their environmental and sedimentological impact. Finally, the results presented herein and in previous work (Baas and Best, 2002 , 2008 ) concern purely clay flows that do not also transport silt grade, non-cohesive material in suspension. However, muddy flows transporting both silts and clays may be the norm in many natural flows. The effects of such suspended sediment mixtures require similar experimentation to that presented herein to determine their possible effects on the phase space of transitional flows. Past research and the present results thus all indicate the dramatic effects that clays may have on flow, sediment transport and bed morphology, and highlight the need for new studies, in the laboratory and field, which can more fully quantify the geomorphological and sedimentary consequences of these complex relationships.
Conclusions
Results from laboratory experiments investigating flows laden with suspended bentonite clay moving over a flat bed demonstrate that the transitional flow behaviour recognized in previous research with kaolinite clay can also be found in bentonite flows, but at lower volumetric suspended clay concentrations. Identical to the previous work on kaolinite flows, five flow regimes can be distinguished, as bentonite concentration is increased: (1) TF; (2) TETF; (3) LTPF; (4) UTPF; (5) QLPF. However, the boundaries between these transitional flow types are reached at lower clay concentrations in bentonite flows, because bentonite attains higher viscosities and yield strengths at far lower volumetric clay concentrations, thus demonstrating an even more dramatic effect on flow properties. The present experiments suggest that bentonite flows should only be fully turbulent at suspended sediment concentrations below c. 2%. The phase space of transitional flows laden with bentonite can be expressed using a Froude number and a transitionalflow Reynolds number, in which the length scale adopted is the thickness of the flow beneath the base of any plug flow. The boundary between TF and TETF is at Re TrF = 83,400 ± 27,300, Re TrF = 31,000 ± 10,000 divides TETF from LTPF, LTPF transforms into UTPF at Re TrF = 15,400 ± 6300, whilst QLPF is stable below Re TrF = 6800 ± 1100. These values show good agreement with past work on kaolinite-laden suspension flows. Such a transitional-flow Reynolds number criterion may thus be applicable to a wide range of transitional clay flows with viscosities between those of kaolinite and bentonite.
